C
ardiac myocytes respond to extracellular stimuli by different signaling pathways. An important mechanism in cardiac myocytes is excitation-contraction coupling (ECC). 1 Electrical depolarization of the cell membrane opens L-type Ca 2ϩ channels, causing Ca 2ϩ influx. This Ca 2ϩ entry activates ryanodine receptors (RyRs) on the intracellular Ca 2ϩ store sarcoplasmic reticulum (SR), inducing robust SR Ca 2ϩ release. This local Ca 2ϩ -induced Ca 2ϩ release (CICR) 2 is the essence of ECC.
Intracellular Ca 2ϩ stores include SR (endoplasmic reticulum [ER] in nonmuscle cells) and nuclear envelope (NucEn). Free [Ca 2ϩ ] inside these stores can be Ϸ1 mmol/L, which is similar to that in the extracellular space. 3 The SR is composed of junctional SR (jSR), which is covered by RyRs and faces toward the T tubules, and free SR (fSR), which contains SR-ER Ca 2ϩ -ATPase (SERCA). 4 The NucEn surrounds the nucleus and has both an inner and an outer membrane and a space in between where [Ca 2ϩ ] can be millimolar. Recently, we found that cardiac myocytes use local Ca 2ϩ release from inositol trisphosphate (InsP 3 ) receptors (InsP 3 R) in the NucEn to respond to the neurohumoral stimuli in excitation-transcription coupling (ETC). 5 Endothelin-1 (ET-1) application caused InsP 3 to activate local Ca 2ϩ release from the NucEn via InsP 3 R, which activated calmodulin and CaMKII to phosphorylate histone deacetylase-5 (causing its nuclear export) and activation of transcription. 5 Notably, this pathway could only be activated by Ca 2ϩ from local InsP 3 R (not global Ca 2ϩ transients), presumably because calmodulin and CaMKII physically associate with the InsP 3 R at the NucEn. 5, 6 Indeed, in ventricular myocytes, RyRs are mainly in SR, whereas InsP 3 R are mainly in NucEn. 6 Thus, SR and NucEn differ structurally and functionally and may reflect discrete physically different Ca 2ϩ stores. In addition, the relatively rigid sarcomeric organization in striated muscle with a dense protein mesh at the Z-lines raises the possibility that local SR within a given sarcomere could serve its particular sarcomere but not necessarily communicate with neighboring sarcomeres either longitudinally or transversely. The main aim of the present study was to determine whether different SR regions and NucEn constitute discrete separate Ca 2ϩ stores.
In some cell types (nonmuscle cells), it is generally accepted that the outer nuclear membrane and ER have similar characteristics and outer nuclear membrane is continuous with ER membrane including SERCA, whereas the inner nuclear membrane is quite different from the outer nuclear membrane. 7, 8 However, it is not known whether the lumen of ER/SR and NucEn is subcompartmentalized or continuous. The existence of separated Ca 2ϩ stores has been proposed by some groups, 9 -11 but rapid diffusion of Ca 2ϩ and other molecules between the lumen of NucEn and ER was also shown in leukemia cells and fibroblasts. 12, 13 Here we assess diffusion inside the SR and NucEn using the low-affinity Ca 2ϩ indicator Fluo-5N, fluorescence recovery after photobleach (FRAP) and local caffeine applications. We found evidence that the SR and NucEn are highly interconnected and comprise 1 large continuous intracellular Ca 2ϩ store. This will help to understand ECC and ETC, as well as cardiac arrhythmias, because inhomogeneous SR Ca 2ϩ release may contribute to Ca 2ϩ waves. 14,15
Materials and Methods

Myocyte Isolation Fluo-5N Loading and Cell Permeabilization
Myocytes were isolated as previously described 16 and loaded with Fluo-5N acetoxymethylester (10 mol/L) for 2 hours and deesterified for 1.5 hour. 3 
Imaging Under Confocal Microscopy
Images were acquired with a Bio-Rad Confocal Microscope 5 (488 nm argon laser excitation, emission at 500 nm long pass). Laser power was 100% for photobleach, 4% for line scan images, and 0.5% for whole cell images. Because the laser power for image recording is low, unintended photobleach was negligible. Confocal imaging used a ϫ40 oil immersion objective and temporal resolution of 166 lines per second. ImageJ software was used for image analysis. For some FRAP experiments, the pinhole diameter was increased to 12 mm (maximal) to obtain fluorescence from the whole cell thickness. However, in caffeine experiments (where release occurs at all depths) and other experiments, pinhole diameter was chosen for confocality (1.2 mm). All fluorescence data were background subtracted.
Simulation of Fluo-5N Diffusion Inside the Ca 2؉ Store
The cell/SR-NucEn was considered a circular cylinder, with crosssection area A and length L, divided into 20 equal-volume compartments (⌬L) longitudinally (⌬LϭL/20). Diffusion was allowed between neighboring compartments (boundary flux was set to 0). For each compartment, Fluo-5N fluorescence or [Ca 2ϩ ] SR (C) was determined by Fluo-5N or Ca 2ϩ diffusion from/to the adjacent compartments. The initial curve was from experimental data fitted to sigmoid curve. The change in C in compartment n per unit time (⌬C n /⌬t) is
where D is the apparent diffusion coefficient for Fluo-5N or Ca 2ϩ , V n is the volume of compartment n, and V n ϭA⌬L. The above applies to the cylindrical cell structure. SR inside the cell has different structure and accounts for only 3% to 5% of the cell volume. 2 The SR cross-section area should also be only 3% to 5% of that of the whole cell. However, because V n ϭ⌬L⅐A, equation 1 can be independent of A.
Thus, D is determined by concentration gradients and ⌬L 2 /⌬t. Note that D (as defined here) will be reduced by contributions of binding of Ca 2ϩ or Fluo-5N inside the SR-NucEn and also tortuosity of diffusional path (ie, noncylindrical actual geometry of the network). At a time point t, C in compartment n (C n,t ) follows: C n,t ϭC n,tϪ1 ϩ⌬C n,tϪ1 . Equation 2 was solved numerically with ⌬tϭ0.1 second. The value of D was varied to obtain a least square fit to the measured spatiotemporal C n,t profiles from experiments.
Statistical Analysis
Data are presented as meanϮSEM with significance (PϽ0.05) determined using unpaired 2-tailed Student t test. Figure 1A ). We also see irregularly distributed bright spots which are caffeine and InsP 3 -insensitive (most obvious in Figure 6 ). The Fluo-5N signal was stable when myocytes were left in skinned fiber solution without any treatment ( Figure 1A ). This shows that [Ca 2ϩ ] inside SR and NucEn are stable and that no appreciable Fluo-5N is lost over the experimental time course. Caffeine (10 mmol/L) application causes an immediate decline in Fluo-5N signal both in the SR and NucEn ( Figure 1B and 1C), with the SR preceding the NucEn. Figure 1D shows SR and NucEn [Ca] SR depletions during electrically evoked Ca transients (0.5 Hz). Again, [Ca 2ϩ ] SR declined transiently (Ca 2ϩ scraps) in both SR and NucEn. However, in the NucEn, the depletion amplitude was smaller and delayed in both time to nadir and recovery time constant ( rec ). These results are consistent with RyR-dependent intra-SR Ca depletions driving those in the NucEn, but they do not prove that the stores are connected. On the other hand, if RyRs are only on the SR (not the NucEn), 6 and if the SR and NucEn are not connected, then caffeine and twitches should not cause NucEn Ca 2ϩ depletion.
Results
Caffeine or
Application of InsP 3 (10 mol/L) or the potent InsP 3 R agonist adenophostin (10 mol/L) for 30 minutes also gradually decreased the Fluo-5N signal in both NucEn and SR in permeabilized myocytes (Figure 2A and 2B and time course of Fluo-5N signal changes in Figure 2C Again, if InsP 3 R are only on the NucEn (not SR) and the 2 pools are not interconnected, this result is unexpected. 6 This raises the possibility that the SR and NucEn lumens are highly connected. However, the above phenomena could also happen even if the SR and NucEn were not connected but if there were very small numbers of RyRs on the NucEn and of InsP 3 R on the SR. These could be functionally effective even if their existence is only near the detection limit of immunocytochemistry, fractionation methods, or Western blot analyses. 6 To test whether the lumen of the SR is connected to both the NucEn and distant regions of the SR, we performed the following FRAP and caffeine-induced [Ca 2ϩ ] SR depletion experiments.
Fluo-5N Diffusion Inside the SR and NucEn: FRAP Studies
Permeabilized, Fluo-5N-loaded myocytes were photobleached on approximately half of the cell longitudinally with the other half left almost unaffected ( Figure 3A ). Because of dispersion and scatter of illumination, the beam was centered near the left cell end, causing an initial gradient of bleach that was maximal at the end of the cell but gradually declining to be negligible at the cell center ( Figure 3A and 3B). Fluorescence in the bleached half (left) decreased immediately on bleach. After bleach, the SR and NucEn fluorescence increased gradually in the bleached half, and simultaneously there was a complementary gradual decrease of fluorescence in the unbleached half (right) until the 2 halves reached the same level (full FRAP; Figure 3A , with longitudinal profile in Figure 3B ). On Fluo-5N photobleach, local [Ca 2ϩ ] SR gradients are neither likely to be significant nor to complicate subsequent FRAP measurements. This is partly because the intrastore Fluo-5N concentration is very low compared with physiological SR Ca 2ϩ buffers (eg, calsequestrin; see Figure  II in the online data supplement, available at http://circres. ahajournals.org). Rather, subsequent FRAP is attributable almost entirely to the diffusion of Fluo-5N within the SR and NucEn. Note that in these and subsequent longitudinal profiles, the regular sarcomeric pattern of jSR (with 1.9-m spacing 3 ; see Figure 3B inset) was intentionally eliminated by smoothing. Figure 3C shows the time course of FRAP in the bleached half and the decay of fluorescence in the unbleached half. The total fluorescence after bleach (Ϸ15% overall bleach) did not change during FRAP, indicating that these measurements are not complicated by changes in [Ca 2ϩ ] SR . The time constant for FRAP on the left and fluorescence decline on the right were similar (ϭ112.1Ϯ9.8 and 115.3Ϯ5.7 seconds). The NucEn on the left also demonstrated FRAP, with similar kinetics as the SR (ϭ119.8Ϯ7.6 seconds).
This FRAP experiment was also done in the transverse direction ( Figure 4) . In this image, the upper side of the cell was bleached and transverse FRAP and complementary fluorescence decline in the bottom occurred. The results are qualitatively similar for transverse versus longitudinal FRAP, except that the time constants were faster transversely (Ϸ15 seconds) than longitudinally (Ϸ110 seconds). This is not surprising because the distance is much less in the transverse direction. Both longitudinal and transverse FRAP were complete and spatially uniform. Because these were permeabilized myocytes and Fluo-5N was trapped inside the SR and NucEn, the recovery of the bleached half can only be attributable to the Fluo-5N diffusion inside the Ca 2ϩ store. In Figure 3A and 3C, both NucEn and SR on the left recover during FRAP, evidence of extensive connection of the SR with both the NucEn and with more distant SR regions.
Because the images in Figures 3 and 4 were confocal, the recovery of fluorescence on the bleached half could be partially attributed to Fluo-5N diffusion from regions above and below the confocal plane (in addition to the other half in the x-y plane). On the other hand, bleach in the Z direction is likely to be substantial (as it is nonconfocal). Nevertheless, to avoid FRAP from above and below the confocal plane, the signal from the whole thickness of the cell was obtained by opening the confocal pinhole maximally (12 mm versus 1.2 mm in confocal images). As in Figure 3 , we bleached the left half of the cell (including 1 nucleus), whereas the right half remained relatively unaffected ( Figure 5A ). The images are fuzzier because of intentional nonconfocality. The fluorescence on the left half dropped immediately by 30% ( Figure  5B ). The degree of photobleach was only 30% because of the brief laser exposure (less than 1 second to limit cell damage and optimize temporal resolution). FRAP is apparent in both SR and NucEn on the bleached half, accompanied by a gradual and complementary decline on the unbleached half. We compared FRAP kinetics by choosing region of interest (ROI). The values for the recovery of both halves were similar, Ϸ2 minutes ( Figure 5B ). The amplitudes of the post-bleach decrease and increase of fluorescence in the 2 halves were also about the same. The post-bleach total cell fluorescence was constant ( Figure 5B ). Again, because this was in a permeabilized cell and the only source of Fluo-5N was from the SR and NucEn, this result means that Fluo-5N diffuses from one end of the cell to the other inside the SR-NucEn network. If Fluo-5N came out of the cell, it would diffuse away and we would see loss of total fluorescence. This indicates that the Ca 2ϩ stores of the 2 halves are connected.
At the same longitudinal location, the bleach and recovery of the SR and NucEn were also compared for different ROI ( Figure 5C ). The SR and NucEn regions were bleached to the same extent and recovered with a similar time constant. Because the recovery of NucEn can only be via Fluo-5N diffusion from the SR, this demonstrates that the SR and NucEn are extensively connected. A region of SR closer to the bleached end of the cell had more extensive bleach (60% versus 30% on average for this half) and also recovered with a slightly longer (see simulations below). The similar FRAP results in Figures 3 and 5 confirm control experiments, indicating photobleach through most of the cell depth.
Ca
2؉ Diffusion Inside the SR and NucEn
We also performed caffeine- Figure  6D versus 6C). After treatment with TG, the SR Ca 2ϩ content does eventually decline (even in 0 Na ϩ /0 Ca 2ϩ solution), but there is a practical time window (Ϸ5 minutes) in which these experiments can be done. Note that the caffeine-insensitive bright spots were also unaffected throughout the procedure.
In cells pretreated with TG 0 Na ϩ /0 Ca 2ϩ , as above, we evaluated intra-SR Ca 2ϩ diffusion using local caffeine application. Figure 7A shows local caffeine application at the left end of the cell briefly (1 to 2 seconds) to release Ca 2ϩ from SR and NucEn at this end. There is an acute discernable [Ca 2ϩ ] SR gradient from the left end to the middle ( Figure 7A  and 7B ). Because SERCA was completely blocked, the only source of Ca 2ϩ recovery at the left end is Ca 2ϩ diffusion within the Ca 2ϩ store from the right. If this recovery happens, SR and NucEn must be connected throughout the myocyte. Indeed, [Ca 2ϩ ] SR recovery at the left and right ends occurred with similar values ( Figure 7C) . Additionally, the total [Ca 2ϩ ] SR inside the Ca 2ϩ store was constant, indicating acute SR Ca 2ϩ release, no net reuptake and no further loss ( Figure  7C ). In addition, the recovery of SR and NucEn occur simultaneously with similar values ( Figure 7D ). This again implies that SR and NucEn are highly connected via their lumens. 
Simple Model of Fluo-5N Diffusion Inside the SR and NucEn
To further investigate Fluo-5N and Ca 2ϩ diffusion inside the SR and NucEn, we made a simple 1D diffusion model ( Figure  8A ). Figure 8 (B and E) shows exemplar spatiotemporal data, smoothed by fitting to sigmoid curves (Fluo-5N and Ca 2ϩ diffusion, respectively). C and F in Figure 8 are the corresponding simulated curves. The initial spatial profile (tϭ0) was set to the smoothed experimental data, and then diffusion of Fluo-5N D and G in Figure 8 are theoretical time courses of Fluo-5N or Ca 2ϩ recovery at different longitudinal sites, with values shown in the insets. The value is a U-shaped function with the fastest near the bleach interface and the longest at the ends. This is consistent with experimental data in Figure 5C , where we saw that a site farther to the left exhibited a longer FRAP .
Discussion The SR and NucEn Are Highly Interconnected in Cardiac Ventricular Myocytes
The data here measuring both Fluo-5N FRAP and Ca 2ϩ diffusion inside the SR, directly demonstrate for the first time that the SR lumen is highly interconnected with the NucEn and also with distant regions of the SR. Moreover, the SR-NucEn throughout the myocyte appears to be a single large continuous Ca 2ϩ storage compartment. Our initial expectation was that the SR within each sarcomere would be relatively isolated from other SR regions. On the other hand, occasional electron micrographs show that jSR can connect SR from 1 side of the Z-line to the other (and to transverse sarcomeres as well), 4, 18, 19 but there has been no prior functional data to indicate the extent to which the SR network is continuous. Clearly it is. Similarly, there have been reports that the outer nuclear membrane is continuous with the ER in some cell types, but no prior functional evidence in cardiac myocytes. Indeed, the apparent difference in Ca 2ϩ release channels (RyR in SR and InsP 3 R in NucEn) and functional roles (ECC for SR and ETC for NucEn) might lead one to expect that the pools are separate. Clearly this is not the case. These processes and release channels are fueled by the same Ca 2ϩ pool. We were surprised how rapid diffusion appears to be within the SR-NucEn network. 
Intra-SR-NucEn Diffusion
Ca
2ϩ current during normal ECC (Ͼ10 mol/L). 2 The rapid equilibration within the SR-NucEn described here would help to keep 1 area from experiencing a higher local [Ca 2ϩ ] SR (ie, the network buffers local [Ca 2ϩ ] SR elevation and depletion), thus potentially limiting initiating events for diastolic Ca 2ϩ waves. It may also interfere with wave propagation, if local [Ca 2ϩ ] SR ahead of the initiating wave could decrease (because of release at the previous region) before release at that next junction is activated by high local [Ca 2ϩ ] i . That is, lower local [Ca 2ϩ ] SR could desensitize local RyRs at the next site. Both of these effects might decrease the likelihood of wave initiation and propagation. Of course, these ideas need future experimental tests.
Local elevation of [Ca 2ϩ ] SR was suggested as a potential mechanism of arrhythmogenesis in hypertrophic heart, 15 causing loci prone to wave initiating. Given the present results, this scenario seems unlikely, unless the SR is more fragmented in hypertrophy or heart failure. In preliminary experiments in a rabbit heart failure model, 24 we did not uncover any fragmentation of the SR-NucEn using the same FRAP approach used here (not shown). This may merit further exploration in pathophysiological models. 3 This has been confirmed in subsequent measurements, 25 consistent with rapid intra-SR diffusion within a sarcomere. Local photolytically induced CICR was shown to have an extremely short refractoriness compared with global ECC, 26 and this was ascribed to very rapid repletion of those local SR Ca 2ϩ release sites by neighboring SR regions. Brochet et al 25 Figure I ). These results are 
Local SR
METHODS
Myocytes were isolated as previously described. 16 All procedures were performed in accordance with Guide for the care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee. Briefly, adult rabbits were anaesthetized by intravenous (IV) injection of 4.6 ml Nembutal with anticoagulant heparin 1.4 ml. After bilateral thoracotomy, hearts was excised quickly and mounted on a Langendorff perfusion apparatus, perfused for 5-7 min with nominally Ca 2+ free Dulbecco's Modified Eagle's Medium (DMEM) solution (perfusion pressure =60-80 mmHg). Perfusion was then switched to the same solution containing 1 mg/ml collagenase until the heart became flaccid. Ventricles were then dispersed and filtered.
RESULTS
Figure S1 (below) shows the simple diffusional model described in the Methods and Fig 7, scaled down to the length of a half-sarcomere (1 µm). Here we simulate a sudden and maximal drop (50%) in [Ca 2+ ] SR localized in the junctional SR (L=0) and examine how rapidly diffusion within the half-sarcomere dissipates that [Ca] SR gradient. We assume that the other half-sarcomere (from L = 1 µm to 2 µm) behaves similarly in a mirror image (reflected across the M-line) and that the next sarcomere to the left (L = -1 µm to 0) is similarly reflected across the z-line. The neighboring parallel sarcomeres would also be like the modeled one. Figure S2) ] SR is probably not appreciably changed by the bleach. This also means that Ca 2+ diffusion between the bleached and unbleached part is likely to be an insignificant complication. Moreover, photobleach affects both the Ca 2+ -free and bound forms of Fluo-5N (which we confirmed), so the balance between bound and unbound should not change either. 
